Air compressor is the critical part of a Compressed Air Energy Storage (CAES) system. Efficient and fast compression of air from ambient to a pressure ratio of 200-300 is a challenging problem due to the trade-off between efficiency and power density. Compression efficiency is mainly affected by the amount of heat transfer between the air and its surrounding during the compression. One way to increase heat transfer is to implement an optimal compression trajectory, i.e., a unique trajectory maximizing the compression efficiency for a given compression time and compression ratio. The main part of the heat transfer model is the convective heat transfer coefficient (h) which in general is a function of local air velocity, air density and air temperature. Depending on the model used for heat transfer, different optimal compression profiles can be achieved. Hence, a good understanding of real heat transfer between air and its surrounding wall inside the compression chamber is essential in order to calculate the correct optimal profile. A numerical optimization approach has been proposed in previous works to calculate the optimal compression profile for a general heat transfer model. While the results show a good improvement both in the lumped air model as well as Fluent CFD analysis, they have never been experimentally proved. In this work, we have implemented these optimal compression profiles in an experimental setup that contains a compression chamber with a liquid piston driven by a water pump through a flow control valve. The optimal trajectories are found and experimented for different compression times. The actual value of heat transfer coefficient is unknown in the experiment. Therefore, an iterative procedure is employed to obtain h corresponding to each compression time. The resulted efficiency versus power density of optimal profiles is then compared with ad-hoc constant flow rate profiles showing up to %4 higher efficiency in a same power density or %30 higher power density in a same efficiency in the experiment.
Introduction
Gas compression and expansion has many applications in pneumatic and hydraulic systems, including in the Compressed Air Energy Storage (CAES) system for offshore wind turbine that has recently been proposed in [1, 2] . In the proposed CAES system, high pressure (∼20-30MPa) compressed air is stored in a dual chamber storage vessel with both liquid and compressed air. Since the air compressor/expander is responsible for the majority of the storage energy conversion, it is critical that it is efficient and sufficiently powerful. This is challenging because compressing/expanding air 200-300 times heats/cools the air greatly, resulting in poor efficiency, unless the process is sufficiently slow which reduces power [3, 4] . There is therefore a trade-off between efficiency and power.
Most attempts to improve the efficiency or power of the air compressor/expander aim at improving the heat transfer between the air and its environment. One approach is to use multi-stage processes with inter-cooling [5] . Efficiency increases as the number of stages increase. To improve the efficiency of the compressor/expander with few stages, it is necessary to enhance the heat transfer during the compression/expansion process. A liquid piston compression/expansion chamber with porous material inserts has been studied in [3] . The porous material greatly increases the heat transfer area and the liquid piston prevents air leakage [6] . Numerical simulation studies of fluid flow and enhanced heat transfer in round tubes filled with rolled copper mesh are studied in [7] . Application of porous inserts for improving heat transfer during air compression has also been investigated [8] .
In addition, the compression/expansion trajectory can be optimized and controlled to increase the efficiency for a given power or to increase power for a given efficiency. For high compression/expansions ratios 200:1-350:1, such Pareto optimal trajectories have been shown, theoretically, to increase the power of the compressor/expander by 200-500% at the same efficiency, over ad-hoc trajectories such as linear and sinusoidal trajectories [3, 9, 10] . In [3, 9] , the optimal trajectories were derived analytically based on simple heat transfer models and by considering thermodynamic losses alone. For example in [3] , the product of the heat transfer coefficient and heat transfer surface area hA is assumed to be constant; and in [9] , hA is allowed to vary with air volume to take into account the decrease in surface area as the porous material is submerged in the liquid piston. In both cases, the optimal trajectories consist of fast adiabatic portions at the beginning and at the end. For the constant hA case [3] , the middle portion is isothermal resulting in an Adiabatic-Isothermal-Adiabatic (AIA) trajectory, whereas for the volume dependent hA(V ) case [9] , the temperature difference from the ambient is inversely proportional to √ hA(V ) leading to an Adiabatic-Pseudo-Isothermal-Adiabatic (APIA) trajectory.
Optimal trajectories have also been numerically obtained for cases with varying heat transfer coefficient, and considering the effect of liquid friction and flow rate constraints of the system [10] . Application of such optimal trajectories has been verified for a liquid piston compressor/expander using CFD and the results have been compared with AIA and APIA trajectories.
While the theoretical improvement in power/efficiency with the optimal trajectories for air compression over conventional linear and sinusoidal trajectories has been validated analytically and numerically, this paper provides the experimental validation of the usefulness of such optimal trajectories. One issue with implementing the optimal trajectories experimentally is the uncertainty of the heat transfer model. The transient heat transfer coefficient depends in reality on many factors. Even if a constant heat transfer coefficient h is assumed, its value is often difficult to access a-priori. If the estimate of h is inaccurate, there are two consequences: 1) the pressure-volume or temperaturevolume trajectories of the air being compressed, which determine the thermodynamic performance cannot be tracked properly; 2) the "optimal" trajectory itself cannot be defined correctly.
To overcome these issues, a temperature-volume trajectory tracking controller that adaptively estimates the unknown heat transfer coefficient h was developed and presented in our previous paper [11] . This controller is used to track an estimated optimal temperature-volume profile. The achieved thermodynamic profile is then used to compute an average heat transfer coefficient. This value is then used to compute the next estimated optimal temperature-volume profile. With this adaptive-iterative optimal control strategy, the compression efficiency successively improves for a given power-density.
The rest of the paper is organized as follows. Experimental setup capable of 10:1 compression ratio is discussed in the next section. A theoretical background is introduced in Section 3 on optimal trajectories used in experiments. Section 4 discusses the experimental tracking results. The iterative procedure to obtain the optimal compression trajectories is discussed in Section 5. The experimental results of constant flow rate and optimal trajectories are presented and discussed in Section 6. Section 7 concludes the paper.
Experimental Setup
In order to investigate the performance of the optimal trajectories for air compression an experimental setup was built at power fluid control lab at University of Minnesota shown in Figure 1 . A water pump circulates water inside the circuit and provides the required flow rate to compress air inside the compressor chamber. Two pressure transducers are mounted in the setup to measure the upstream water pressure and downstream air pressure. An Omega FTB-1412 turbine flow-meter and an Endress+Hauser Promass 80 Coriolis flow-meter are used to measure the water volume and flow rate. In one hand, the Coriolis meter measurement has a time lag of ∆t = 71 ms and on the other hand, the turbine meter is not accurate at small flow rates. Therefore, we combine the volume information of two meters to obtain a more accurate measurement of the water volume flowing inside the chamber and consequently the volume of the air under compression. The water and air volume at each instance of time are determined as follows.
(1)
where V 0 is the initial volume of the air. We add the turbine meter volume difference between time t and t − ∆t to the volume measured from Coriolis meter to compensate for the existing time-lag. A relief valve is mounted in the circuit to keep the pressure of the circuit below 160 psi. Filters are also included to remove unwanted particles from flowing water. A 16-bit PCI-DAS1602/16 multifunction analog and digital I/O board is used to acquire the system data. This board is linked with MATLAB/Simulink via xPC Target to send and receive the control and measured signals. The sampling frequency is chosen to be 4000 Hz. The main reason for the high sampling frequency is to correctly capture the output signal of Coriolis and turbine meters. A Burkert 6223 Servo-assisted proportional control valve is employed to manipulate the flow rate inside the chamber. The temperature of the air inside the compressor is obtained from the ideal gas law using the pressure and volume measurements as follows.
where P and V are the measured air pressure and volume, and P 0 and T 0 are initial pressure and temperature of the air, respectively. In each experiment, the nut on the cap of the compressor is opened to make the initial air pressure equal to the ambient. Water can be added to the column to set the initial air volume at the desired value. The maximum available flow-rate in the setup is 302cc/s. It is noted that we only use the data up to the pressure ratio of 10.
Theoretical Background on Optimal Trajectories
In this section, a brief background on optimal compression trajectories is presented. The interested reader is referred to [10] for a detailed mathematical modeling. Calculating the optimal compression profile can be addressed as a functional optimization problem (or optimal control problem) for which the cost function is the input work defined as follows.
where m, T and V are the mass, temperature and volume of air under compression, R is the specific gas constant of air, Γ is the viscous friction power (between liquid piston and its surrounding solid wall), r is the final pressure ratio, and t c and V f are the compression time and air volume at which the desired pressure ratio is obtained. While the viscous friction energy loss is relatively large for small diameter tubes and large flow rates, such a loss can be neglected due to the large diameter of the compression tube used in this experiment (d = 5.04cm). In Eq. (3), terṁ V (t) is the control input while T (air temperature) is a dynamic state for which, the dynamic equation comes from the first law of Thermodynamics aṡ
where C v and γ are the heat capacity of air at constant volume and the heat capacity ratio of air, respectively. h is the heat transfer coefficient between air and solid boundary which, in general, varies with time during compression based on air proper-
. T w is the wall temperature which is assumed to be constant (at ambient temperature) during the compression process (due to large heat capacity of the solid boundary compared to air). Finally, A (t) is the active heat transfer area between the air and cylinder wall, tube's cap and liquid piston.
While the air is initially at T 0 , V 0 and P 0 (at t = 0), it is desired to compress it to a final compression ratio of r in a final compression time of t c . Therefore, there exists a final manifold for the related optimal control problem that relates the final volume and temperature as follows.
In summary, finding optimal compression profile which results the maximum compression efficiency is equivalent to minimizing the cost function defined by Eq. (3), subject to dynamic constraint of Eq. (4) and final manifold of Eq. (6). Additional inequality constraints due to hardware limitations can also be imposed. For example, here we have considered the liquid pump limitation so that the liquid piston flow rate is limited.
The continuous optimal control problem is then parameterized as a finite dimensional problem and solved numerically by standard algorithms for constrained parameter optimization. Once the control input is defined over the time range, air temperature 
FIGURE 2. SAMPLE OPTIMAL COMPRESSION PROFILE
(FLOW RATE-TIME, TEMPERATURE-VOLUME, PRESSURE-VOLUME AND TEMPERATURE-TIME) FOR r = 10, t c = 2s AND h = 16
can be found by solving Eq. (4). Figure 2 illustrates sample flow rate, temperature-volume and pressure-volume optimal trajectories obtained from the optimization problem for r = 10, t c = 2.5s,
, V 0 = 300cc andV max = 280cc/s. The efficiency of trajectories is obtained from dividing the isothermal process work over the input compression work for the same pressure ratio of r as follows.
In calculation of both compression works the isobaric ejection work is also included. The improvement of compression efficiency for a fixed compression power (or vice versa) resulted by optimal compression trajectories is shown in Figure 3 compared to constant flow rate profiles. As a rule of thumb, this improvement is more noticeable at lower power densities and higher pressure ratios. As mentioned earlier, the heat transfer coefficient h is a complex function of air properties, flow regime and the compression chamber geometry. As the result, it is usually difficult to have an accurate model of h during the compression process.
In this work, we use an iterative procedure to estimate a constant average value for h to design the optimal compression profiles. Figure 4 illustrates the tracking of the temperature-volume optimal trajectory for compression times of 3s, 5s and 7s. The reader is referred to [11] for more details on design and implementation of the controller employed to track the optimal trajectories. The experimental temperature profiles for compression times of 1.5s and 2s are also shown for optimal and constant flow-rate trajectories in Figure 5 . It can be seen that constant flow-rate trajectories result in higher temperatures at the second half of the process that makes an important effect on decreasing the compression efficiency compared to optimal trajectories. 
FIGURE 4. EXPERIMENTAL T-V TRACKING CURVES OF OP-TIMAL TRAJECTORIES FOR COMPRESSION TIMES OF 3s, 5s AND 7s

Optimal Trajectory Tracking Results
Iterative Calculation of Optimal Trajectories
The optimal trajectories are designed for constant values of h. Here, we consider an iterative algorithm that takes the advantage of both experimental data and theory to obtain optimal compression trajectories for the experimental setup. In this algorithm, for a given compression time t c and a maximum flow ratė V max , an initial value of heat transfer coefficient h 0 is assumed and the optimal compression trajectory, e.i., temperature versus volume T i (V ) is determined using the optimization code. This trajectory is used in the experiment for tracking. The experimental data is acquired and analyzed to obtain the corresponding efficiency η i , compression time t ci and an average value of actual h i . This calculated h i is again inserted in the optimization code to obtain the next optimal trajectory. This iterative procedure is carried on until the efficiency is not increased anymore and a final value of h N is obtained, where N is number of iterations. Figure 6 shows a sample convergence curve of h for t c = 1.5s. Following the procedure explained above, an initial guess of h 0 = 8
after 4 iterations that results in the same experimental compression time. Figure 7 shows the h profiles versus volume for optimal trajectories experimented in successive iterations of the iterative procedure for t c = 3s and V 0 = 608cc. It is observed from this figure that the constant h assumption is valid for a major part of the compression process. The main difference appears at the end of the compression where h increases sharply resulting in lower final temperatures in the actual experiment (Figure 4 ) than the designed optimal trajectories. The final results of the iterative procedure are listed in Table 1 for different compression times. The efficiencies are obtained for optimal 
Experimental Results
As explained before, the trade-off between efficiency and power density of air compression plays an important role in CAES systems. In order to obtain a benchmark for powerefficiency characteristics of our experimental setup we first conducted a series of experiments with different constant flow-rate linear volume trajectories. Table 2 summarizes the compression time and efficiency values for the tested constant flow rates. Figure 8 shows the comparison of pressure-volume curves for optimal, iso-thermal, adiabatic and constant flow-rate trajectories for a compression ratio of 10, t c = 3s and V 0 = 300cc. The isothermal curve corresponds to an infinitely slow, 100% efficient process while the lowest efficiency of 70.4% is obtained from the adiabatic infinitely fast compression. It is observed that the optimal trajectory P-V curve is found to be shifted towards the isothermal curve compared to the constant flow-rate process that results in up to 4% higher efficiency for a same power density. Figure 9 also illustrates the P-V curves for 3s, 5s and 7s optimal trajectories and their comparison with isothermal and adiabatic compressions. A summary of efficiency versus power density of optimal and constant flow rate trajectories is shown in Figure 10 . It is observed that for a same value of power density the efficiency of optimal trajectories can be higher up to 4%. This difference is more significant at higher efficiencies that is consistent with the simulation results discussed in Section 3. On the other hand, for a same efficiency the power density can be increased up to 30% for a pressure ratio of 10.
The actual temperature-volume tracks the desired T-V optimal trajectory closely. Therefore, the efficiency of each process is obtained to be approximately the same as its theoretical value as shown in Figure 11 . The uncertainty in volume measurement can affect the efficiency calculation. The percentage of error in volume measurement is about ±1% based on the specification of the flow-meters used in the experiment. Numerical sensitivity analysis shows ±1% error in efficiency due to ∓1% error in volume measurement throughout the experiment. 
Conclusions
This paper presented the experimental investigation of optimal trajectories for air compression. The experimental setup and procedure were discussed in detail. An adaptive nonlinear controller designed in [11] is employed to command the desired flow-rate to the compressor chamber and track the temperaturevolume optimal trajectories. Since the actual value of h is not known, an iterative procedure was introduced to obtain the optimal trajectory using the experimental data. For a given compression time and compression ratio, the final optimal trajectory was determined based on the converged average value of h. The experimental trajectory tracking results and efficiency-power density calculations were presented. It was shown that for a same power density and a relatively low pressure ratio of 10 the optimal trajectories can improve the efficiency up to 4% compared to linear constant flow rate trajectories.
